The acute problem in the case of ischemic disease is therefore vascular insufficiency. The generation of blood vessels is a prerequisite for embryonic development and is increasingly recognized to play essential roles in the pathogenesis of diverse chronic ischemic diseases. Revascularization, also known as angiogenesis, is essential to improve local perfusion and ameliorates the function of the damaged organ. 1) In adult tissues new vessels are formed around the ischemic site leading to the preservation of tissue viability during chronic ischemia episodes.
2) Therefore, therapeutic angiogenesis is an exciting concept with significant clinical in ischemic disease. 2) Hypoxia inducible factor (HIF)-1 is a heterodimeric transcription factor composed of a regulated HIF-1a subunit and a constitutively expressed HIF-1b subunit. The transcriptional activity of HIF-1 is regulated mainly by the HIF-1a subunit, which is stabilized during hypoxic episodes but is rapidly degraded under normoxic conditions by the ubiquitin proteosome system. Under lower oxygen tension, the transcriptional activity of HIF-1 is thus triggered hypoxia responsive genes; including vascular endothelial growth factor (VEGF). [3] [4] [5] VEGF that directly or indirectly affect the endothelial cells and produce proliferation and differentiation plays a key role in angiogenesis. 6, 7) To date, the modulation of HIF-1 transcriptional activity has been considered as a plausible strategy to promote therapeutic angiogenesis in ischemic disease.
Hydrogen sulfide (H 2 S) is a well known toxic gas with a repulsive odor, similar to that of rotten eggs. In recent years, H 2 S was identified as an important cell signaling molecule and plays a pivotal role in the cardiovascular and nervous system. [8] [9] [10] More evidences revealed that both endogenous and exogenous H 2 S exhibited the significant protective effects during a number of cardiovascular disease states. [11] [12] [13] [14] In present work, we investigated the role of H 2 S in the regulation of HIF-1 activity under hypoxic condition in vascular smooth muscle cells (VSMCs). VSMCs were treated with cobalt chloride (CoCl 2 ). It is indicated that CoCl 2 treatment for a short time induced a transient up-regulation of the HIF1a expression, but the level decreased with long-term exposure to CoCl 2 , which induced environment-mimicking hypoxic conditions.
15) The decrease that followed the initial transient up-regulation suggested a negative-feedback mechanism on the prolonged exposure to hypoxia. 16 ) Additionally, the role of H 2 S on endothelial cell proliferation and migration were also investigated. To our knowledge, this is the first report that H 2 S promotes a pro-angiogenic response possibly mediated by the upregulation of HIF-1a.
MATERIALS AND METHODS

Chemicals
Nuclear extraction kit (NE-PER Nuclear and Cytoplasmic Extraction Reagents), Biotin 3Јend DNA labeling kit and the electrophoretic mobility shift assay (EMSA) kit were obtained form PIERCE. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Sigma (Sigma, St. Louis, MO, U.S.A.).
Cell Culture Rat brain capillary endothelial cells (ECs) and rat aortic vascular smooth muscle cells (VSMCs) were obtained from the American Type Culture Collection (ATCC, Rockville, MD, U.S.A.) and were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco-Invitrogen, Carlsbad, CA, U.S.A.) supplemented with 10% fetal bovine serum (Gibco BRL, Gaithersburg, MD, U.S.A.), 100 U/ml penicillin and 100 mg/ml streptomycin in tissue culture flasks at 37°C in a humidified atmosphere of 5% CO 2 .
Experimental Design Sub-confluent VSMC cells were detached with trypsin and seeded 48 h before treatment. Hydrogen sulfide (H 2 S) is known to have pro-angiogenic properties in mammals. In this study, we examined H 2 S played the role in pro-angiogenesis mediated by hypoxia-inducible factor (HIF)-1a under hypoxic conditions. Rat brain capillary endothelial cells (ECs) were treated with NaHS (a H 2 S donor) pretreated vascular smooth muscle cells (VSMCs) conditioned media. ECs proliferation was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. ECs migration was assessed by chemotaxis chamber assay. Angiogenesis-associated gene expression levels were determined by reverse transcription-polymerase chain reaction (RT-PCR). HIF-1a and vascular endothelial growth factor (VEGF) accumulation was analyzed by Western blotting. HIF-1 binding activity was measured by electrophoretic mobility shift assay (EMSA). We found H 2 S induced both endothelial proliferation and migration in mimic hypoxic condition. In addition, H 2 S promoted VEGF and HIF-1a mRNA levels. H 2 S also significantly upregulated HIF-1a and VEGF protein levels and increased HIF-1a binding activity under hypoxic condition. Our findings suggest that HIF-1/VEGF is involved in H 2 S promotes proliferation and migration of ECs.
Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted using TRIzol Reagent (TaKaRa Biotechnology, Dalian, China). Total RNA (2 mg) was reverse-transcribed into first-strand cDNA and amplified using a PrimeScript TM 1st Strand cDNA Synthesis Kit (TaKaRa Biotechnology, Dalian, China) following the manufacturer's instructions. The samples were then subjected to PCR amplification for HIF-1a, VEGF and glyceraldehyde phosphate dehydrogenase (GAPDH). Denaturing, annealing, and extension PCR steps were carried out at 94°C for 30 s, 54°C for 30 s, and 72°C for 30 s, respectively for 30 cycles. PCR products were separated by electrophoresis on a 2% agarose gel and stained with ethidium bromide. Representative gels were photographed and densitometry was performed to assess quantities relative to GAPDH.
The primers used were: 1) For the internal control: GAPDH sense: 5Ј-TGACAG-GATGCAGAAGGAGA-3Ј antisense: 5Ј-TAGAGCCACCA-ATCCACACA-3Ј
2) For HIF-1a: sense: 5Ј-CAAAACACACAGCGAA-GC-3Ј antisense: 5Ј-TCAACCCAGACATATCCACC-3Ј
3) For VEGF: sense: 5Ј-AAGCCATCCTGTGTGCCC-CTGATG-3Ј antisense: 5Ј-GCTCCTTCCTCCTGCCCGGC-TCAC-3Ј.
Western Blotting Analyzed of HIF-1a and VEGF Protein Expression Cells were lysed with 0.2 ml of lysis buffer (Tris-HCl 10 mM, NP-40 0.5%, NaCl 0.15 M, Na 3 VO 4 1 mM, NaF 10 mM phenylmethylsulfonyl fluoride 1 mM, ethylenediaminetetraacetic acid (EDTA) 1 mM, aprotinin 10 mg/ ml, leupeptin 10 mg/ml, and pepstatin 1 mg/ml). Protein concentration was determined using BCA assay (Beyotime, Haimen, China). Equal amounts (80 mg) of protein was separated on 10% or 12% sodium dodecyl sulfate-polyacrylamide gel and then transferred to nitrocellulose membrane (Millipore, U.S.A.). After blocking with 5% non-fat dry milk, membranes were incubated overnight at 4°C with rabbit polyclonal anti-HIF-1a or anti-VEGF (1 : 200, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.). Incubated with horseradish peroxidase conjugated goat anti-rabbit immunoglobulin G (Ig G) (1 : 10000, ICL Lab, Newberg, OR, U.S.A.) for 1 h. a-Tubulin (1 : 6000) were used as a loading control. The reactions were developed with SuperSignal West Duro chemiluminescnet substrate (Pierce, Inc.) and signal intensity was detected by Alpha Imager (Alpha Innotech Corp., San Leandro, CA, U.S.A.) and quantified by Quantity One software (Bio-Rad, Hercules, CA, U.S.A.) and normalized against the background density for each gel.
Preparation of Nuclear Extracts Cells were lyzed in lysis buffer consisting of 10 mM Tris, pH 7.8, 10 mM KCl, 0.1 mM EDTA, 1.5 mM MgCl 2 , 0.2% Nonidet P-40, 0.5 mM dithiothreitol, 1 mM Na 3 VO 4 and 0.4 mM phenylmethylsulfonyl fluoride (PMSF). The nuclei were pelleted at 1000 g for 5 min at 4°C and re-suspended in extraction buffer consisting of 20 mM Tris, pH 7.8, 420 mM NaCl, 0.1 mM EDTA, 1.5 mM MgCl 2 , 20% glycerol, 0.5 mM dithiothreitol, 1 mM Na 3 VO 4 and 0.4 mM PMSF. The nuclear extracts were then centrifuged at 10000 g for 5 min, and divided into aliquots in chilled tubes, frozen quickly in liquid nitrogen, and stored at Ϫ70°C. Protein concentration was determined by a BCA kit.
Electrophoretic Mobility Shift Assay (EMSA) Nuclear extracts were prepared as above. The oligonucleotides for EMSA were sense strand 5Ј-TCTGTACGTGACCACACT-CACCTC-3Ј and antisense 5Ј-GAGGTGAGTGTGGTCAC-GTACAGA-3Ј. The mutated probe sense strand 5Ј-TCT-GTAAAAGACCACACTCACCTC-3Ј and antisense 5Ј-GA-GGTGAGTGTGGTCTTTTACAGA-3Ј were used for competition. The Biotin 3Ј End DNA-labeling double-stranded probe was prepared and the EMSA was performed according to the manufacturer's instruction. DNA-protein binding reactions were carried out for 20 min at 4°C in a total volume of 50 ml containing 5 mg of nuclear extract, 0.4 mg of sonicated, denatured calf thymus DNA, and 1ϫ10 4 
Endothelial Cell Proliferation Assay Proliferation of ECs was determined after incubating with H 2 S pretreated VSMCs media. VSMC pre-treated with H 2 S (300 mM) for 1 h before incubated with CoCl 2 (300 mM) incubated for 3 h. The conditional media was collected and placed onto ECs that had been seeded onto 96-well plate. After the 12 h incubation, MTT assay was used to determine EC proliferation, the MTT was added to the culture to a final concentration of 0.5 mg/ml, and the culture was incubated for 4 h. The insoluble formazan product was dissolved in dimethyl sulfoxide (DMSO). Absorbance of the samples was read using a microplate reader at 530 nm.
Endothelial Cell Migration Assays in an EC-VSMCs Coculture System Vascular cell co-cultures were made according to methods previously described. 17) VSMCs were plated on the underside of a Transwell insert. Once VSMCs reached confluence, the Transwell insert was inverted, and ECs were plated onto the top side for 2 d. Four sets of experiments were performed: (1) non-VSMCs, endothelial cells without co-culture with VSMC, (2) Vehicle, untreated cocultured cells, (3) CoCl 2 , cells treated with CoCl 2 (300 mM), and (4) H 2 S, co-culture cells pre-treated with H 2 S (300 mM) for 1 h before incubating with CoCl 2 (300 mM). After 12 h of incubation, cells on the transmembrane filters were fixed and counterstained with Mayer's hematoxylin-eosin (Sigma Chemical Co.). Non-migrating cells on the top of the filter are removed with a scraper and cell number determined on the filters using a light microscope. For quantification, migrated cells were counted in six random microscopic fields per well.
Statistical Analysis Data are represented as meanϮS.D. Statistical analysis was performed using the two-tailed Student's t-test for difference between samples were pϽ0.05 was considered to be statistically significant.
RESULTS
H 2 S Increased HIF-1a and VEGF mRNA Expression in CoCl 2 Treated VSMCs
The levels of HIF-1a and VEGF mRNA encoding proteins involved angiogenesis under hypoxia were measured by RT-PCR. As shown in Fig.  1 , HIF-1a mRNA was increased in CoCl 2 -treated compared with untreated cells, whereas HIF-1a mRNA was markedly up-regulated in H 2 S-pretreatment cell compared with CoCl 2 -treated only. Meanwhile, VEGF mRNA was significantly higher in H 2 S-pretreatment cell compared with CoCl 2 -treated only, no significant difference between untreated cell and CoCl 2 -treated only.
H 2 S Increased HIF-1a and VEGF Protein Expression in CoCl 2 Treated VSMCs Accumulation of HIF-1a and VEGF has been implicated in angiogenesis under hypoxic condition.
2) The level of HIF-1a and VEGF protein was upregulated during the mimic hypoxic compared with the untreated cells. H 2 S significantly promoted HIF-1a and VEGF accumulation compared with the CoCl 2 -treated only cells (Figs. 2, 3 (Fig. 4) . The addition of excess unlabeled oligonucleotide attenuated the relative amount of the HIF-1a/HRE complex. The specificity of the bands was confirmed by supershift analysis using a mutated probe specific to HIF-1a. Collectively, these results indicate that H 2 S elicits nuclear accumulation of HIF-1a which binds to the HRE consensus. H 2 S Promoted EC Proliferation ECs exposure to conditioned media from CoCl 2 treated VSMCs resulted in a decreased in cell numbers as compared to ECs that received conditioned media from untreated VSMCs. However, the conditioned media from H 2 S-treated VSMCs was added to ECs, which increased cell number compared with ECs incubated with CoCl 2 treated only media (Fig. 5) . 
Fig. 4. HIF-1a Binding Activity Assay
The EMSA results indicating that the band in the H 2 S treatment group is stronger than in hypoxia and vehicle alone. NϭNegative control, without nuclear protein (NEP); Cϭcompetitive control, pre-reaction with non-labeled probe; mVϭNEP from vehicle group with mutated probe; mCoϭNEP from CoCl 2 group with mutated probe; mSϭNEP from the NaHS group with mutated probe; wVϭNEP from vehicle group with wide-type probe; wCoϭNEP from the CoCl 2 group with wide-type probe; wSϭNEP from H 2 S group with wide-type probe.
H 2 S Promoted ECs Migration in an EC-VSMCs Coculture System
ECs migration contributes to the angiogenic response. Cell migration was studied using a chemotaxis chamber. Migrating cells became attached to the bottom of the chamber. H 2 S significantly increased the number of migrating cells compared with CoCl 2 -treated only (Fig. 6 ).
DISCUSSION
We demonstrated for the first time that H 2 S promoted proangiogenesis under hypoxic condition possibly through the HIF-1a/VEGF pathway in vitro. Firstly, H 2 S increased HIF1a mRNA, protein expression and HIF-1a binding activity of the VSMCs under hypoxic condition. Meanwhile, H 2 S was found to up-regulate angiogenesis related factors, such as VEGF. In addition, the proliferation and migration of endothelial cell was induced by conditioned media from H 2 Streated VSMC. These findings provide a link between H 2 S and angiogenesis under hypoxic condition, which may contribute to ischemic disease.
H 2 S, together with nitric oxide (NO) and CO, belongs to a family of labile biological mediators termed gasotransmitters, which share many similarities. H 2 S exerts a host of biological effects on a number of biological targets resulting in responses that range from cytotoxic effects to cytoprotective actions. 18) Over the past 5 years, a number of studies have reported the beneficial effects of H 2 S or sulphide-donor compounds. Many of these studies focus on myocardial protection, and the cardioprotective effects of H 2 S have been demonstrated in cultured myocytes, isolated perfused hearts and in rodent and large animal models of coronary artery ligation and reperfusion. 9, 11, 13) Similarly, the intravenous injection of H 2 S (in the form of NaHS-a water soluble H 2 S donor) is also known to transiently decrease blood pressure in the rat. 19) In addition, physiologically relevant doses of H 2 S can promote angiogenesis via the activation of the Akt signaling pathway. It is therefore apparent that H 2 S may prove beneficial for the inhibition of coronary artery restenosis via the induction of angiogenesis. 20) To explore the probability that some pro-angiogenic factors might be released from VSMCs in response to H 2 S treatment and consequently induce pro-angiogenesis in vitro, we measured the level of VEGF, a mitogenic and chemotactic factor that promotes endothelial cell proliferation and migration. mRNA and protein levels for VEGF in cultured VSMCs stimulated with H 2 S under CoCl 2 induced mimic hypoxic conditions was increased in H 2 S-treated cells. Thus, the present data suggest a role of VEGF in mediating the pro-angiogenic effect of H 2 S. Consistent with this observation was that endothelial cells exhibited a significant increase in cell number following exposure to conditioned media of H 2 S pretreated VSMCs. Cai et al. reported that H 2 S promoted proliferation and migration of endothelial cell that was not mediated by VEGF. 20) A possible explanation could be that our experimental approach are different e.g. in our study we mimicked a lower oxygen environment using CoCl 2 whereas Cai et al. used normal oxygen conditions. Another possible reason could be the different concentration of H 2 S used.
Typically, the function of HIF-1 is strictly regulated by the stability of the HIF-1a subunit.
3) The stability of HIF-1a is regulated by various post-translational modifications such as hydroxylation, acetylation and phosphorylation via interaction with several proteins prolyl-4-hydroxylase (PHD) and von Hippel-Lindau (pVHL). 21) Under normoxic conditions, HIF-1a is rapidly degraded via the pVHL-mediated ubiqui- tin-proteasome pathway. 3) In this study, we found that HIF1a mRNA and protein expression was increased in H 2 S treated cell. When the stability of HIF-1a was examined, we found that H 2 S could enhance the stability of HIF-1a. In VSMC cells, the expression of VEGF, a gene controlled directly by HIF-1, was significantly increased in response to CoCl 2 treatment. HIF-1 regulates VEGF transcription by binding to the VEGF promoter.
13) The current study showed that HIF-1a accumulation consisted with up-regulation VEGF expression and that this is stimulated by H 2 S. These results identify HIF-1a possibly as a critical component in the angiogenic response of cells to H 2 S. Recent reports have shown that PI3K/Akt is involved in HIF-1 pathway regulation. 21) Akt can increase the translation of HIF-1a via mTOR, an initiator of translation for ribosomal proteins. 22) These results allowed us to speculate that H 2 S induced Akt activation that led to HIF-1a translation and increase gene transcription.
In summary, the present study provides the first evidence highlighting the pro-angiogenic effect of H 2 S under hypoxic conditions. This effect is possibly mediated by promoting and stabilizing HIF-1a protein expression. The use of a coculture system allowed us to determine that H 2 S promotes the proliferation and migration of endothelial cells. For the present results, the HIF-1a/VEGF is involved in the proangiogenic effect of hydrogen sulfide under hypoxic stress.
